Stroke is a common disorder with significant morbidity and mortality, and complex aetiology involving both environmental and genetic risk factors. Although some of the major risk factors for stoke, such as smoking and hypertension, are welldocumented, the underlying genetic and detailed molecular mechanisms remain elusive. Exploring the relevant biochemical pathways may contribute to the clinical diagnosis of stroke and shed light on its aetiology. A comparative proteomic analysis of blood serum of a pair of monozygotic (MZ) twins discordant for ischaemic stroke (IS) was performed using a label-free quantitative proteomics approach. To overcome the limit of reproducibility in the serum preparation, two separate runs were performed, each consisting of three technical replicates per sample. Biological processes associated with proteins differentially expressed between the twins were explored with gene ontology (GO) classification using the functional analysis tool g:Profiler. ANOVA test performed in Progenesis LC-MS identified 179 (run 1) and 209 (run 2) proteins as differentially expressed between the affected and unaffected twin (p < 0.05). Furthermore, the level of serum fibulin 1, an extracellular matrix protein associated with arterial stiffness, was on average 13.37-fold higher in the affected twin. Each dataset was then analysed independently, and the proteins were classified according to GO terms. The categories overrepresented in the affected twin predominantly corresponded to stroke-relevant processes, including wound healing, blood coagulation and haemostasis, with a high proportion of the proteins overexpressed in the affected twin associated with these terms. By contrast, in the unaffected twin diagnosed with atopic dermatitis, there were increased levels of keratin proteins and GO terms associated with skin development. The identification of cellular pathways enriched in IS as well as the upregulation of fibulin 1 sheds new light on the underlying disease-causing mechanisms at the molecular level. Our findings of distinct proteomic signatures associated with IS and atopic dermatitis suggest proteomic profiling could be used as a general approach for improved diagnostic, prognostic and therapeutic strategies.
Introduction
Stroke affects up to 15 million people per year [1] and is a leading cause of death. The aetiology of stroke is complex, involving both environmental and genetic risk factors. Despite numerous large-scale genetic studies, the genetic causes of stroke remain poorly understood reflecting the complex nature of the disease [1] . Studies aimed at identifying the underlying genes are limited due to enormous genetic variability between individuals.
Advances in next-generation sequencing technologies have revolutionised studies of genetic diseases [2] , but for complex diseases, whole exome and genome sequencing have proved less beneficial, and attention is increasingly switching to RNA sequencing and epigenetics to explore Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1101 0-019-03501 -2) contains supplementary material, which is available to authorized users. disease-causing mechanisms. However, these and other methods, such as those which involve analysis of structural variants, have also proved to be limited, highlighting the complexity of the underlying genetic mechanisms. Here, we describe quantitative label-free proteomic analysis as an alternative approach, which potentially could capture all the variation arising from genomic, transcriptomic and epigenomic changes.
Although advanced prevention, accurate diagnosis and appropriate treatment for stroke are crucial, ischaemic stroke (IS) is misdiagnosed in more than one in seven patients during initial presentation in the emergency department, and increases to two-thirds in cases where only non-traditional symptoms are present [3] . Clinical assessment and neuroimaging remain the mainstay of stroke diagnosis, however, this is reliant on probability rather than certainty and imaging facilities not always readily available. The development of molecular biomarkers, in the form of proteins, lipids and metabolites, to support the clinical diagnosis of stroke, as well as to provide prognostic indicators, would be of great value [4] .
Several promising biomarkers have been identified for stroke, including vascular cell adhesion molecule 1, intercellular cell adhesion molecule 1, von Willebrand factor and matrix metalloproteinases, however, none are currently used in clinical practice due to lack of sufficient evidence [5] . Thus, further study and validation are warranted.
Monozygotic (MZ) twins that are discordant with respect to a genetic disease offer a unique opportunity to explore the genetics of complex diseases [6] . We previously described a unique pair of then 57-year-old MZ twins discordant for IS with raised γ-glutamyl transferase (GGT) and erythrocyte sedimentation rate (ESR) in the affected twin [7] . Here, we describe proteomic analysis of serum samples from the twins.
Materials and methods
The authors declare that all supporting data are available within the article and its online supplementary file.
Medical history
The affected twin (KG) presented with a stroke in 2007 (aged 55 years). This has left her with persistent right-sided weakness affecting her balance, speech, and walking. In 2007, an MRI scan confirmed a left ganglion infarct, ischaemic changes in both cerebral hemispheres, and a small right temporal infarct. A coincidental finding of a right-sided intracavernous internal carotid artery aneurysm measuring 9 mm was made in 2007, prior to the stroke. This has been managed conservatively ever since, consisting of routine periodic follow-up imaging with MR or CT angiography. Patients with significant aneurysm growth are strongly considered for interventional treatment, however, the affected twin refused this intervention despite hers measuring 10 mm in 2009. The affected twin has not smoked for 7 years since the stroke, whereas the unaffected twin (HG), despite sharing the same risk factors and still smoking, has not had a stroke.
In addition, the affected twin was diagnosed with a single patch of alopecia areata in 1995 (aged 44), and more recently with seborrhoeic dermatitis capitis in 2012 (aged 60). The unaffected twin was diagnosed with atopic dermatitis in 2004 (aged 53). These problems might be linked to a family history of psoriasis (in father) and suggest an autoimmune disorder in the family as shown in Supplementary Fig. I . We describe MZ twins discordant for IS with a family history of hypertension, depression and psoriasis. To our knowledge, this is the first proteomics study of MZ twins discordant for stroke and intracranial aneurysm.
Blood collection
Written informed consent was obtained from both patients. Blood samples of both twins were collected 7 years after stroke onset. Samples were drawn from the twins by standard venesection into plain tubes and fluoride and EDTA anticoagulated tubes, just prior to lunch, and processed in parallel. From each plasma sample, 2 ml of blood was allowed to clot at 4 °C for at least 2 h and then centrifuged at 1500 g for 10 min to sediment the clotted cells. Plasma was then collected, divided into aliquots, and stored frozen at − 80 °C until the analysis was carried out. The control sample was created by taking 5 µl of sample from each twin's serum after processing to generate peptides and pooling these together. As the control serum contains all the features of both twin samples, it was used to align the data effectively,that is, to correct for any drift in the retention time of the peptides analysed.
Gel electrophoresis and in-gel digestion
1 µl of a 1:4 dilution of each serum sample was run on SDS-PAGE using a 4-12% bis-tris gel and MOPS buffer system. Briefly, 10 µl of sample buffer and 4 µl of reducing agent were added to each sample prior to addition of 25 µl of milliQ water. The gel lanes from each serum sample were processed as follows. Samples were processed by in-gel reduction with 10 mM dithiothreitol and alkylation with 50 mM iodoacetamide prior to overnight (16 h) trypsin digestion (Modified Sequencing Grade, Roche) at 30 °C. Peptides were extracted from the gel by 1% formic acid, then 100% acetonitrile, and dried in a SpeedVac concentrator (Thermo Scientific). The resulting peptides were then resuspended in 50 µl of 1% formic acid, centrifuged and transferred to the high-performance liquid chromatography (HPLC) vial. 7.5 µl of each twin and pooled sample were used for analysis.
Sample separation
Technical replicates (3 × 7.5 µl) of trypsin-digested peptides were separated using an UltiMate 3000 RSLCnano UHPLC System (Thermo Scientific) coupled to a LTQ Orbitrap Velos Pro (Thermo Scientific). The nLC buffers used were buffer A (0.1% formic acid), and buffer B (80% acetonitrile in 0.08% formic acid). Technical replicates (3 × 2.5 µg) of each sample were initially trapped on an Acclaim PepMap100 C18, 5 µM (100 µM × 2 cm nanoViper). After trap enrichment, peptides were separated on an Easy-Spray PepMap RSLC C18, 2 µM column (75 µM × 50 cm nanoViper) (Thermo Scientific) with a linear gradient of 2-40% buffer B over 120 min with a constant flow of 0.3 µl/min.
The UHPLC system was coupled to a LTQ Orbitrap Velos Pro (Thermo Scientific), via a nano-electrospray ion source (Proxeon Biosystems). Briefly, a 60,000-resolution full-scan mass spectrometry (MS) survey spectra (m/z 335-1800) were attained in the Orbitrap with an automatic gain control target of 1,000,000 ions. Lock mass was set at 445.120024 and the spray voltage set to 1.8 kV. This was followed by ion-trap MS/MS scans for the 15 most intense peptide ions.
Maximal filling times were 500 ms for the full scans and 100 ms for the MS/MS scans. Precursor ion charge state screening was enabled and all unassigned charge states, as well as singly charged species, were rejected. The dynamic exclusion was set to an exclusion list size of 500 with a maximum retention period of 45 secs and an exclusion mass width of ± 10 ppm. The lock mass option was enabled for survey scans to improve mass accuracy. Data were acquired using the XCalibur software.
Abundance quantification
Orbitrap Velos Pro .RAW data files were imported into Progenesis LC-MS (version 4.0) for label-free differential analysis and subsequent identification and quantification of relative ion abundance ratios. Following alignment of MS data, principled component analysis and preliminary filtering (power < 80% and P > 0.05, corresponding to an ion score threshold of 35), datasets were exported from Progenesis as an .mgf file. These files were subsequently used to map the individual peptide sequences to corresponding UniProt identifiers using the UniProt database via Mascot Daemon (version 2.4.1). Enzyme specificity was set to trypsin, with fixed (quantitative) modifications set to carbamidomethyl cysteine (as it is assumed that all cysteines are modified so this does not alter the number of potential peptides). To increase the number of potential peptides, parameters for the variable (non-quantitative) modifications were set to methionine oxidation, methionine dioxidation, protein N-acetylation, and Gln → pyro-Glu. Other parameters used were as follows: Peptide mass tolerance, ± 10 ppm; fragment mass tolerance, ± 0.6 Da; minimum peptide length, 6; and maximum missed cleavages, 2. Statistical P values as shown in Tables 1 and 2 and Supplementary Table 1 were automatically generated using Progenesis software through a one-way ANOVA on the ArcSinh transform of the normalised data.
Peptide/protein identification
The filtered Mascot search results were reimported into the Progenesis LC-MS and conflicts for peptide assignments at protein level were examined and resolved appropriately.
Pathway and network analyses
To explore the biological processes associated with the differentially expressed proteins, we performed gene ontology (GO) pathway analysis using the functional analysis tool g:Profiler, gOST [8] (February 2017). Only proteins with an average of > 1.5-fold higher level in both runs for each twin were used to seed each network, using Cytoscape [9] 
Results
A comparative proteomic analysis of blood serum of MZ twins discordant for IS was performed using a label-free proteomics method to identify qualitative and quantitative differences at the protein level.
Proteins were extracted from serum samples collected from each twin. Following staining of the gel, a prominent band at approximately 60 kDa, corresponding mainly to albumin, was cut out from the gel to enhance the detection of less-abundant proteins as albumin represents approximately 55% of total cellular protein [10] (see Supplementary Fig.  II) . The proteins were eluted from the gel for proteomic studies, as described (see "Materials and methods").
With the aim to overcome the limit of reproducibility in the serum preparation, two separate runs were performed, each consisting of three technical replicates per sample. The samples were analysed using nano-scale liquid chromatographic tandem mass spectrometry (nLC-MS/MS).
The raw data were matched against the UniProt database for peptide identification using Mascot (version 2.4.1). To identify the proteins that were differentially expressed between the affected and unaffected twin blood serum, an ANOVA test was performed in Progenesis LC-MS that identified 179 and 209 proteins (P < 0.05) in runs 1 and 2, respectively. Table 1 The top proteins identified at high levels in the affected twin compared with the unaffected twin (ranked by fold change) that were present in both runs A fold change threshold of > 1.5-fold was used as a cut off. References are provided next to the gene name for the proteins which have been associated with stroke or stroke risk factors by other studies Table 2 The top proteins identified at high levels in the unaffected twin compared with the affected twin (ranked by fold change) that were present in both runs
A fold change threshold of > 1.5-fold was used as a cut off. References are provided next to the gene name for the proteins which had been associated with stroke by other studies The twins had distinctively different serum profiles. Some of the proteins were present at higher levels in the affected twin's serum (Table 1) . Many of these, including carbonic anhydrase I [11] , haemoglobin subunit alpha 1 [12] , alpha-2-macroglobulin [13], hyaluronan-binding protein 2 [14] , S100 calcium-binding protein 8 [15] , ficolin 3 [16] , and coagulation factor II, thrombin [17] (Table 1) , have previously been associated with biological pathways relevant to IS.
The highest average fold increase (13.37) was observed in the expression of fibulin 1, an extracellular matrix protein associated with arterial stiffness [18] . Intriguingly, for some of the proteins showing low levels of expression in the affected twin (Table 2 ), including desmoplakin [19] and serpin family A member 4 (kallistatin) [20] , reduced expression appears to be associated with stroke. In addition, desmoglein 1, which is also present at lower levels in the affected twin's serum, associates with desmoplakin as a heterodimer to form the desmosome, a key adhesion molecule, and is also associated with keratin filaments [21] .
Functional analysis was performed independently on all four datasets of differentially expressed proteins, to classify the proteins according to 'biological process', 'molecular function' and 'cellular component'. The g:Profiler web server [8] (http://biit.cs.ut.ee/gprofi ler/) comprises several tools to perform functional enrichment analysis and mine additional information. The statistical method used by this tool, g:SCS (Set Counts and Sizes, [8] ) takes into account the ontology structure supporting the annotations and enables significantly enriched GO terms to be identified within short lists of proteins (down to lists of only 11 proteins).
Proteins were only included in the analysis if they were identified at higher levels in either the affected or unaffected twin in both runs, or only one run. Proteins with high levels in one run, but low levels in the equivalent other run were excluded from the analysis. After applying this exclusion criteria, the number of proteins remaining were 125 and 156 in runs 1 and 2, respectively. Some of the protein identifiers associated with the differentially expressed peptides did not have any associated GO terms, and thus were not included in the g:Profiler analysis. In the majority of cases these peptides were predicted to be derived from an immunoglobulin molecule. Overall, 95 and 139 proteins, from runs 1 and 2, respectively, identified as differentially expressed and associated with GO terms, and were thus included in the analysis (Supplemental Table 1 ).
With a fold-difference average threshold greater than 1.5, 19 proteins were identified with higher levels in the affected twin's serum in both runs, and 13 in the unaffected twin's serum in both runs. Despite the differences in the proteins identified in each run, several GO terms were significantly enriched consistently within either the high or low-protein lists, suggesting that they share common biological pathways. Although there are also GO terms which do not show consistency (Supplemental Table 2) . Surprisingly, the GO terms enriched in the serum of each twin were relevant to very different biological pathways. The 'biological process' GO categories overrepresented in the affected twin related to cytolysis, response to stress, clot formation and blood coagulation (Table 3 and Supplemental  Table 2 ), all of which have previously been implicated in IS. Between 15-30% of the proteins differentially overexpressed in the affected twin are associated with wound healing and/ or blood coagulation. In contrast, in the unaffected twin, the enriched GO terms were almost exclusively related to skin development (Table 4 and Supplemental Table 2) .
A network analysis of the overexpressed proteins in each twin was undertaken. Only proteins which were overexpressed in both runs and with an average fold difference greater than 1.5 were included in the analysis (Tables 1, 2) . Table 3 Selection of enriched GO terms associated with the proteins present at high levels in the affected twin GO terms were identified as significantly enriched in the high-level proteins in the affected twin following g:Profiler analysis S = number of protein identifiers (IDs) in both the study dataset and GO term group, T = number of human protein IDs associated with the GO term, t = number of protein IDs in study or GO datasets (Supplemental Table 2 This analysis demonstrated that 8 of the proteins overexpressed in the affected twin's serum can be located within a single network, with 11 proteins not connected to any network. Further investigation is needed to clarify whether any of these unconnected proteins are associated. All but 1 of the 13 proteins overexpressed in the unaffected twin's serum were associated with a close network (Fig. 1) .
Discussion
Plasma proteomes between MZ twins discordant for IS were compared to identify putative disease-associated markers in the affected twin. This approach provided a snapshot of proteins expressed in blood and identified differences in protein expression between the affected and unaffected twin. To the best of our knowledge this is the first proteomic study of MZ twins discordant for IS. Several proteins present at high levels in the affected twin (Table 1) have previously been associated with IS.
Huang et al. [12] found that haemoglobin α and β-chains were differentially expressed between stroke patients and controls (P < 0.0001), and conclude that serum-free haemoglobin may serve as a potential biomarker for the diagnosis of acute IS. In our study, only the subunit alpha 1 was identified at high levels in the patient; however, this does support the suggestion that this protein could be a useful biomarker for IS. Table 4 Selection of enriched GO terms associated with the proteins at high levels in the unaffected twin GO terms were identified as significantly enriched in the high-level proteins in the unaffected twin following g:Profiler analysis S = number of protein identifiers (IDs) in both the study dataset and GO term group, T = number of human protein IDs associated with the GO term, t = number of protein IDs in study or GO datasets (Supplemental Table 2 Nezu et al.
[13] identified alpha-2-macroglobulin as an acute IS biomarker, and Gori et al. [22] found that this protein was significantly associated with poor outcome (death within 3 months), suggesting that it contributes to cerebral damage after IS and thrombolysis. The authors conclude that high levels of alpha-2-macroglobulin may be a useful prognostic biomarker to identify patients with an increased probability of death after the administration of tissue plasminogen activator [22] .
Hyaluronan-binding protein 2 is found to accumulate in lipid-rich areas within the necrotic core of atherosclerotic plaques, but not in normal vessels [23] ; and a single nucleotide polymorphism in the gene, which attenuates its capacity to activate pro-urokinase, is associated with carotid stenosis [24] . In a more recent study, increased hyaluronan-binding protein 2 antigen levels and activity were independently associated with all main aetiologic subtypes of IS, suggesting a potential role in the pathophysiology of the condition through prothrombotic mechanisms [14] .
It has been postulated that upregulation and signalling of S100 calcium-binding protein A8 contributes to neuroinflammation and the progression of ischaemic damage [15] . Further, Wang et al. [25] identified a role of this protein in the molecular pathway of thrombosis, suggesting that targeting it has potential for treating atherothrombotic disorders, including myocardial infarction and stroke. Interestingly, blockers for the S100A8/A9 heterodimer (calprotectin) have been developed and are approved for clinical testing [26] .
Several proteins that were at low levels in the affected twin (Table 2) could also play an important role in the pathogenesis of IS. For instance, it has been shown that serum serpin family A member 4 (kallistatin) levels are considerably reduced in hypertension, diabetes, cardiovascular and renal injury [27] . Thus, the downregulation of kallistatin in the affected twin may indicate its usefulness as biomarker for patients with cardiovascular disorders.
Desmoplakin is an important component of desmosome structures in cardiac muscle and epidermal cells [28] , and abnormalities in its expression results in cardiomyocyte death, changes in lipid metabolism, and defects in cardiac development [29] . In a proteomics study set out to identify novel plasma biomarkers associated with vascular recurrence in post-stroke patients, it was found that desmoplakin may be protective against a new vascular event, lending its usefulness as a prognostic biomarker [19] . Decreased levels of plasma desmoplakin in the affected twin could be a risk factor for the reoccurrence of vascular events.
Moreover, the higher levels of fibulin 1 expression in the affected twin suggests it could be a biomarker for IS. Fibulin 1 is a secreted calcium-binding glycoprotein [30] that stabilises extracellular matrix integrity surrounding vascular smooth muscle. It is known to play important roles in wound repair [31] and mediates platelet adhesion by cross-linking with fibrinogen, forming part of a general mechanism by which platelets interact with exposed subendothelial matrices following vascular injury [32] . Increased plasma concentrations of fibulin 1 are predictive of cardiovascular mortality in type 2 diabetes [18] , and a recent study found that common polymorphisms in the FBLN1 gene predict aortic stiffness in young healthy subjects [33] . Aortic stiffness is an important independent risk factor for IS, suggesting the potential usefulness of fibulin 1 as a biomarker [34] .
Each twin exhibited unique enriched GO terms. In the affected twin, biological processes were predominantly related to wound healing and blood coagulation, whereas in the unaffected twin processes relevant to epidermis development were enriched. Interestingly, the unaffected twin was previously diagnosed with atopic dermatitis (whereas the affected twin was diagnosed with seborrheic dermatitis capitis). The enrichment of 'skin development' GO terms associated with the serum of the unaffected twin suggests she was experiencing an episode of atopic dermatitis at the time the blood sample was taken.
Proteomics has the potential to bridge the gap between genetics and biochemistry, identify functional biomarkers for complex conditions, and provide important insights into the mechanisms of disease. The identification of cellular pathways enriched in IS as well as the upregulation of fibulin 1 sheds new light on the underlying disease-associated mechanisms at the molecular level, which could lead to the development of new diagnostic and therapeutic approaches in the future. However, the changes reported here do not necessarily represent the cause of IS, as protein levels were measured several years after the stroke, which may reflect changes associated with addressing the lesion (e.g., wound healing) and not necessarily predict the susceptibility to stroke. In addition, there is great variability in protein expression between individuals, due to differences in lifestyle and dietary habits, among other factors. However, the 60-year-old twins in this study have lived together since birth, indicating that the effect of environmental factors is minimal.
Conclusion
The pathogenesis of IS is very complex, involving multiple molecular mechanisms. This makes it unlikely for a single biomarker to sufficiently reflect the underlying complexity. Multiple biomarkers combined in a panel may be required to capture the dysregulation of several processes, which converge to lead to susceptibility to an ischaemic event, thereby improving the diagnostic sensitivity and specificity.
Although the potential roles of fibulin 1 and the other identified proteins in IS is not clear, further investigations into the expression levels of these proteins in stroke patients may add weight to their potential usefulness as biomarkers. In addition, large-scale proteomic studies may further elucidate the underlying common biochemical pathways and mechanisms.
